reactions at the nanoscale. Our previous studies and the analysis of solid-state thin film reactions for many bilayers have shown that the initiation temperatures Tin often coincide with temperatures TK of structural phase transformations (Tin = TK). In particular, initiation temperatures Tin(Cu/Au) and Tin(Ni/Fe) of reactions in the Cu/Au and Ni/Fe bilayers coincide with the minimum temperature of the order-disorder phase transition in Cu-Au [31] and the eutectoid decomposition temperature in the Fe-Ni system [32] , respectively. In Ni/Al and Cd/Au films, the reactions start at the temperature of the inverse martensitic transformation in the Ni-Al [33] and Cd-Au [34] binary systems, respectively. The equality Tin = TK was also established for the eutectic reactions, superionic transition, and spinodal decomposition in Al/Ge [35] , Se/Cu [36] , and Mn/Ge [37, 38] films, respectively. The equality Tin = TK indicates the common nature of chemical interactions that control both solid-state reactions in thin films and solid-state transformations.
Testing of the hypothesis
The above results demonstrate that the first phase and its temperature Tin are the fundamental characteristics of a reaction bilayer. It follows that low-temperature reactions occur only between the reacting layers whose reaction products have low-temperature solid-state transformations. Therefore, the study of phase sequences in reaction couples makes it possible to refine and supplement the phase equilibrium diagrams especially in low-temperature part. Thus, recently we investigated the reaction in Ge/Mn bilayers and confirmed the existence of spinodal decomposition in an in Ge-Mn system at 120°C. It is important to note that the formation of the first Mn5Ge3 phase was independent of whether Mn and Ge atoms are in a solid solution or in Ge/Mn bilayers [37, 38] .
The one important characteristic of reactive multilayer films is the ignition temperature Tig, which can be defined as a minimum temperature of onset of a self-sustaining reaction for a given experiment [23, 24] . As known, the self-sustaining regime of reaction arises when the rate of heat generation Qreaction overcomes the rate of heat losses Qloss (Qreaction > Qloss). Unlike Tig, the initiation temperature Tin is the start temperature of reactions at which the rate of heat generation Qreaction is less than the rate of heat losses Qloss (Qreaction < Qloss) and so the initiation temperature Tin is always less than the ignition temperature Tig (Tin < Tig). As discussed above the initiation temperature Tin is the threshold temperature: no reaction below Tin and reaction initiate just the temperature of sample overcomes Tin. Thus, the initiation temperature Tin is the characteristic temperature of our given reaction couple. In contrast to Tin, the ignition temperature Tig is a kinetic quantity that depends on the heating rate and the rate of heat loss. Nevertheless, Frits et al. have recently shown that, similar to Tin, the ignition temperature Tig in Ni/Al multilayers with a given bilayer thickness is a threshold temperature because in hot plate experiments the multilayers do not ignite when the specimens are heated to temperatures just 1°C below Tig [39] .
The enthalpy of formation of the first phase is a good measure of the free energy variation during the solid-state interaction; therefore, the heats of formation were used in several initial models to predict the first phase and phase sequence formation. Pretorius et al. [13] proposed an effective model for the enthalpy of formation, which was successfully used for predicting the first phase formation in many binary systems.
As mentioned above, with the increasing of the temperature of the bilayer above Tin leads to the beginning of intermixing of the reagents and first phase synthesis on the interface and consequently physical characteristics of the film samples, such as electrical resistance, magnetization, transparence, and heat release, begin to radically change. Obviously, the start temperature of these changes is the reaction initiation temperature Tin. In most cases the energetic properties of thermite nanocomposites were investigated by differential thermal analysis (DTA), thermogravimetric analysis (TGA), and differential scanning calorimetry (DSC). In this case the initiation temperature Tin is the temperature at which heat release starts.
An important characteristic of the DSC curves is also the exothermic peak temperature, which, unlike the initiation temperature Tin, depends on the heat removal conditions from the reaction zone.
It is important to note that the contaminants that form on the reagent interface during various methods of sample preparation (especially for chemically produced samples) can form thin barrier layers that slightly change the initiation temperature of Tin but do not suppress the reaction. An error in finding the exact value of the initiation temperature Tin can also follow from the certain inaccuracy in determining Tin from DTA, TGA and DSC plots. To find the exact Tin value, low heating rates are required. Therefore, we referred only to the studies in which the heat release curves were obtained at minimum heating rates (5,10 or 20 °C/min).
The main results of the work are summarized in the schematic diagram in Figure 1 
Implication of the hypothesis

The initiation temperature Tin ~ 510°С of the Al-based nanothermite reactions
It can be seen from Tables 1 -4 that, taking into account the errors in measuring the DTA, TGA, DSC curves, and magnetic and resistivity plots by different authors, the initiation temperatures of all Al-based nanothermite reactions are centered around ~ 510 °C. As can be seen from Tables 1-4 , at heating rates 5, 10, 20 °C/min the heat release curves also have closely exothermic peak temperatures. It must be noted that at a heating rate of 5 °C/min, the oxidation of nanosized aluminum powders also starts at about 510 °C [60, [92] [93] [94] [95] [96] [97] [98] [99] [100] . Recently it was shown that the DSC curves of the NiCo2O4/Al core-shell nanowires thermite film [101] and threedimensional ordered macroporous NiFe2O4/Al nanothermites [102] have an exothermic peak with an initiation temperature ~ 530°C and an exothermic peak temperature ~ 600°C. This 
The initiation temperature Tin ~ 250 °С of the Zr-based nanothermite reactions
The driving force of the Zr-based nanothermite reactions is the formation of the ZrO2 phase, which has a relatively high negative enthalpy of formation (ΔHf = -601 kJ/mol). The analysis of the synthesis of Co-ZrO2 and Fe-ZrO2 ferromagnetic nanocomposites show, that thermite reactions in the Zr/Co3O4 [103] and Zr/Fe2O3 [104] thin films have the same initiation temperature Tin (Zr/Co3O4) = Tin(Zr/Fe2O3) ~ 250 °С. This value Tin ~ 250 °C is in agreement with the initiation temperature Tin(Zr/CuO) ~ 250 °C in the Zr/CuO nanothermite mixture [105] and with the study where the ZrO2 nanoparticles were obtained by glycothermal processing [106] . From these facts we predict the same initiation temperature Tin ~ 250 °С for all the Zrbased nanothermite reactions.
The initiation temperature Tin ~ 450 °С of the Mg-based nanothermite reactions
The driving force of the Mg-based nanothermite reactions is the synthesis MgO phase having a high negative enthalpy of formation (ΔHf = -1097 kJ/mol) with some low enthalpy of formation of Al2O3 (ΔHf = -1676 kJ/mol). Using the results of this paper [105] , we determined that the thermite multilayer Mg/CuO stacks the initiation temperature Tin(Mg/CuO) ~ 450 °С.
The nearest value of the initiation temperature has nanoenergetic Mg/CuO core/shell arrays, which exhibit an onset reaction temperature (~ 450 °С) [107] . The initiation temperatures are close to ~ 450 °C in fresh CuO/Mg/fluorocarbon nanoenergetic composites [108] and μm-Mg/nmCuO thermite mixtures prepared by physical and ultrasonic mixing [109] . Magnesium particles with a nominal size of 6 μm begin an intensive oxidation above 500 °С, which suggests that the starting temperature of the oxidation of nanosized magnesium powders is below 500 °С [110] . In these papers the initiation temperature Tin was defined as the temperature at which heat release started using the curves of differential thermal analysis (DTA), thermogravimetric analysis (TGA), and differential scanning calorimetry (DSC). Although the exact value of the initiation temperature of Mg-based nanothermite reactions remains unknown, it lies around 450 °С. It is worth noticing that all nanothermite reactions have low initiation temperatures and occur in the solid state (excluding In-based reactions). On the conceptual level, the initiation temperatures are ignored in modern models described the thin-film solid-state reactions. In contrast to this, our approach assumes the decisive role of the leading (first) phase and its initiation temperature not only in thermite reactions but also in other types of chemical reactions.
The initiation temperature
Progress in understanding and predicting the structural transformations and reactions in the solid state is limited by a lack-of-knowledge inference about the chemical interactions at nanoscale. Undoubtedly, future investigations of thin-film solid-state reactions and nanothermite reactions will discover new amazing properties of chemical interactions in solids.
Conclusions
The main concepts of this study are the first phase and its initiation temperature Tin, which describe thin-film solid-state reactions and were extended onto nanothermite reactions. The MnO2/SnO2/ n-Al ~520 DSC 20 600 MnO2/SnO2/n-Al ternary thermite membrane [91] 
